The MabThera and Involved field Radiotherapy study investigated efficacy and safety of involved field (IF) radiotherapy in combination with the anti-CD20 antibody Rituximab for early-stage follicular lymphoma (FL) in a prospective, single-arm multicenter phase 2 design. Eighty-five stage I-II FL patients received 8 cycles of Rituximab (375 mg/m 2 ) and IF irradiation (30/40 Gy). The primary endpoint was progression-free survival (PFS) 2 years from treatment start. Secondary endpoints were overall survival (OS), complete response rates, toxicity, quality of life, and minimal residual disease (MRD) response with protocol defined visits up to month 30. For the primary endpoint, PFS at 2 years was 85% for the intention-to-treat set. Long-term data were captured in selected sites and evaluated as post hoc analysis in the per protocol (PP) set: PFS and OS were 78% and 96% at 5 years with a median follow-up of 66 or 78 months, respectively. There were 17/76 recurrences in the PP set, of which 14 were outside the radiation volume only. MRD analyses revealed a clonal marker in 36% of patients at diagnosis. All but 1 marker positive patients experienced a molecular treatment response. There were 13 serious adverse events (4 related to the therapy) during the first 30 months. IF radiotherapy combined with Rituximab is well tolerated and highly efficient with low rates of recurrence in the first years in early-stage FL. The efficacy is comparable with more aggressive therapy approaches without compromising the quality of life and maintains for an extended follow-up of more than 5 years.
Introduction
Treatment of early-stage nodal follicular lymphoma (FL) has been debated for many years. 1 Radiation therapy is an effective treatment in this setting. Although large radiation volumes seem to reduce the relapse rate, 2, 3 the National Comprehensive Cancer Network guidelines recommend radiation treatment only of the pathological involved regions (involved site radiation therapy) without prophylactic treatment of additional lymph node areas predominantly due to the higher toxicity profile of large field radiation. Since the anti-CD20 antibody Rituximab proved to eliminate minimal residual disease (MRD) in advanced stages [4] [5] [6] and enhances radiation sensitivity in vitro, 7 a combination of Rituximab and radiation limited to the involved region might solve this dilemma.
The German Low-Grade Lymphoma Study Group (GLSG) in cooperation with the German working group of radiation oncology (ARO) conducted a prospective, single-arm, multicenter phase II study investigating the efficacy and toxicity of an involved-field radiotherapy in combination with Rituximab treatment (MIR = MabThera and Involved field Radiotherapy) in early-stage nodal FL.
Results

Patients
Eighty-five patients (47 males/38 females) in 16 centers had been registered between February 2008 and October 2010. Median age was 55 years (min/max: 21/75 years). Further details of the patients' characteristics are shown in Table 1 .
The localization of the lymphoma manifestations was supradiaphragmal in 48% (30% cervical involvement) and infradiaphragmal in 52% (29% inguinal involvement).
All 85 patients started the therapy and were included in the intention to treat (ITT) population, which was the primary analysis set. The per protocol (PP) set was used for sensitivity analysis. Nine patients were excluded for the PP set due to violation of the inclusion criteria (stage [ Out of 16 centers, 13 participated for the second period of extended follow-up data collection beyond month 30. Data of 60 patients were available for the post hoc analysis of the long-term efficacy.
Efficacy
Progression-free survival. Fifteen patients (18%) of the ITT population and 14 of the PP set showed a recurrence during the protocol defined follow-up period with a median follow-up of 29.6 months. Progression-free survival (PFS) at 24 months as the primary endpoint was 85% in the ITT set (90% confidence interval [CI] [77; 91%], 1-sided P = 0.026), and 86% (90% CI [77; 91%], 1-sided P = 0.025) for the PP set.
The post hoc defined PFS at 5 years of the extended follow-up period has been estimated to 78% with a median time follow-up period of 66 months for the PP set (Fig. 1) . No prognostic markers for PFS could be identified (Table 2) .
Overall survival. There were 2 deaths during the protocol defined 30 months follow-up. Both deaths were due to secondary cancers. Overall survival (OS) at 2 years was 97% (95% CI = [90; 99]) for the ITT and 97% (89; 99) for the PP set.
At 5 years, the OS was 96% with a median follow-up of 78 months in the post hoc analysis of the extended follow-up period (Fig. 2 ). There were no lymphoma-related deaths. Recurrences. A total of 17 recurrences were observed in the PP set. Three recurrences were within the radiation volume. Two recurrences occurred as aggressive lymphoma (65 and 90 months) outside the radiation volume. Details of the recurrences are listed in Table 3 . ). In BM samples, 3/5 showed a median infiltration of 3.2 Â 10
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, range: 2.1 Â 10 À4 to 5.8 Â 10 À4 while 2 were below QR.
Protocol-defined MRD negativity at week 18 by t(14;18) RQ-PCR was observed in 20/21 (95%) patients with an available sample. Of 21 patients, 14 (67%) achieved a CR, 1 patient a CRu, and 6 patients a partial response (PR) (30%). The only patient with persistent MRD positivity had a PR at restaging in week 18, remained marker positive, and showed no recurrence up to an extended follow-up of 67 months.
Of 19 patients without progression after treatment, 15 (79%) were consistently MRD negative in PB at all follow-up time visits. In 4 patients in remission (21%), MRD positivity reoccurred but below the QR of 10 À4 . All 4 patients showed Initial MRD marker (yes = presence of MRD marker initially; no = no initial MRD marker; nd = not done), histology of recurrence (nd = not done) and time between first Rituximab to retreatment (figure in parenthesis = no treatment until last information). CR = complete response, MRD = minimal residual disease, na = not applicable (no residual lymphoma before start of treatment), PP = per protocol, PR = partial response, SD = stable disease.
fluctuating MRD levels with alternating MRD positivity/ negativity during follow-up. Three initially marker positive patients showed clinical progression at months 22, 24, and 33 after start of treatment. In 2 patients, follow-up samples were MRD positive at or prior to time of relapse. In the third patient, no sample at relapse was available.
Toxicity
A total of 529 adverse events were reported in 95% (81/85) of the patients during treatment (335 [63%]) and protocol-defined follow-up (192 [36%] ). Most of the adverse advents were minor (common toxicity criteria (CTC) grade 1 [321 (61%)] or 2 [164 (31%)]). Twenty-three adverse events (4%) were rated grade 3. There was only 1 grade 4 toxicity (lymphopenia <0.2 Â 10 9 /L). Treatment had to be terminated due to side effects in 1 patient (allergic reaction to Rituximab).
The most common adverse events organized by organ class and CTC grade are summarized in Table 4 .
Thirteen patients experienced serious adverse events within the 30 months follow-up. Four of these events were classified as possibly related to therapy: allergic reaction to Rituximab, bacteremia, pulmonary embolism, and stomatitis. All patients completely recovered from those side effects.
Secondary neoplasia. Two patients died of secondary cancer during the protocol-defined period: A peritoneal mesothelioma was diagnosed 6 months after the first Rituximab application and 4 months after radiation of the right cervical and left axillary region. The patient died 12.3 months after start of treatment. A metastatic nonsmall cell lung cancer was diagnosed in a second patient 12 months after radiation of the left cervical and right hilar region. The patient had a history of heavy smoking (>80 pack years) and died 22.6 months after start of therapy. Both secondary cancers were judged not related to therapy. A third patient developed a small cell lung cancer at month 80.
Quality of life
The treatment had no substantial influence on patients' quality of life. There was a minor impairment of the global health status, the physical and social performance and occurrence of fatigue at the end of the therapy. However, there was also a trend to overall improvement of quality of life at the end of follow-up (Fig. 3) .
Discussion
Treatment of early-stage FL has been a controversial issue for the last decades. Especially in elderly patients, a watch and wait strategy might be considered since only 25% receive therapy within the first 5 years after diagnosis and the 10 years survival is 85% in a small cohort of patients. 8 On the other hand, radiation therapy has been shown to be very effective and early radiation therapy seems to improve disease-specific survival and OS based on an SEER database US National Cancer Database analysis. 9, 10 The MIR concept might be an alternative curative approach ensuring quality of life and with only a minimal risk of severe side effects.
However, larger treatment fields proved to be more effective for longtime control than treatment of only smaller volumes. 2, 3 Since larger radiation volumes are associated with more toxicity, the NCCN guidelines still recommend only localized radiation therapy for those patients. The ARO 98-01 trial randomized total lymphatic irradiation against extended field irradiation in earlystage FL. Preliminary results showed recurrences mainly in the nonirradiated areas with a significant better PFS of patients treated with total lymphatic irradiation. 11 The Stanford data 2 and the ARO98-01 data 11 implicate that a part of the patients with early-stage FL actually do not have a limited stage but present with occult systemic disease with a need of a systemic treatment. This is also supported by the results of our PCR-based analysis of CLC in the diagnostic PB in our study. In 22 stage I/II patients (35%), CLC were detected in PB at diagnosis. Also, submicroscopic BM infiltration detected by PCR was frequent with 6/13 cases (46%) despite a negative BM histology.
Friedberg et al 12 reported that systemic chemotherapy was advantageous compared with limited field irradiation alone in stage 1 FL. A combination of chemotherapy and involved field (IF) irradiation improved PFS compared with IF radiation only, but was hampered by toxicity. [13] [14] [15] Recently, the results of randomized trial were published investigating Cyclophosphamide, Vincristine, Prednisone (CVP) chemotherapy as additional systemic treatment in combination with IF radiotherapy versus radiotherapy alone 16 Rituximab was added later to the systemic therapy in 31 patients. Radiation therapy alone was significantly inferior in PFS compared with the combined modality approach. The best results were achieved using Rituximab, CVP, and radiation with a PFS of approximately 86% at 5 years.
The current MIR study combined an IF radiation therapy only with Rituximab. The PFS at 2 years was at least as good as in Frequency >10% of 85 patients. AEs = adverse events, CTC = common toxicity criteria.
(2018) 2:6 www.hemaspherejournal.com prospective large radiation field series but with significantly lower toxicity. 3, 11 The presented PFS at 5 years of 78% was close to the data of MacManus of 86% without the accompanying toxicity of chemotherapy. 16 However, our data show limitation since it is based on a post hoc analysis of prospectively collected long-term data. This might result in a bias due to less extensive follow-up examinations or drop-outs. This could also be an explanation for the reduction of recurrences during the extended follow-up period. However, other published data also show a marked decrease of the PFS in initial years and a trend to a plateau thereafter. 2, 3, 12, 17 Our data confirm the results of a larger retrospective Italian study, which suggested an improved patient outcome by the addition of Rituximab to limited field radiation therapy 17 : The 5 years PFS of the current study is even superior to their data (5 years PFS 68%). The Italian study also included FL grade 3a and/or applied only 4 cycles Rituximab instead of 8 cycles in the MIR study. 17 Response duration was associated with a continuous MRD response as 15/19 patients (79%) without progression were consistently MRD negative in PB at all follow-up time points. Only few relapsing patients had follow-up samples for MRD evaluation. However, it seems that MRD reappearance is associated with clinical relapse. A possible treatment concept evolving from our results could be Rituximab retreatment already at MRD relapse to prevent clinical recurrences. Alternatively, Obinutuzumab may result in a significant higher efficacy compared with Rituximab based on the studies in CLL and advanced FL. [18] [19] [20] Given the higher rate of outfield recurrences in the current study, radiation did have an additional effect to Rituximab with an increase of the CR rate from 29% to 79%. It is not clear, if a lower radiation dose would also show the same efficacy. Lowry et al 21 published a randomized trial for radiation alone with 24 Gy versus 40 Gy (2 Gy fraction size) showing no benefit for the higher dose group in indolent lymphomas. Therefore, 12 Â 2 Gy might have given similar results. However, a WHO diagnosis could be made in only 80% of the indolent lymphomas in this British trial and of those, only 60% were proven FL according to central pathologic review. 21 In the current study, all specimen underwent a central pathologic review, which confirmed an FL grade 1 or 2 corresponding to the inclusion criteria. Only 1 patient had to be excluded from the PP population due to the diagnosis of Hodgkin lymphoma in the central review.
Radiation therapy in combination with rituximab induced MRD response at week 18 in all patients except one. This demonstrates the impact of Rituximab lymphoma cell clearance as data from IF radiation therapy alone detected MRD responses in only 60%. In contrast to IF radiation alone where only patients with a low-level of CLC (<1:100,000) achieved PCR negativity, lymphoma cell clearance in the MIR study was independent from the pretherapeutic CLC load. 22 There are only few publications analyzing the presence of CLC at diagnosis in small series with early-stage FL. Lambrechts et al 23 detected t(14;18) positive cells in 75% of a series of 12 early-stage I/II FL. Pulsoni 22 investigated a series of 24 early-stage FL and detected CLC in 66% of all cases. This higher detection frequency may in part result from the relatively contamination prone-nested PCR approach applied in both studies and the fact that nested PCR approaches detects t(14;18) positive cells in about 40% of healthy individuals. 24 By contrast, the MRD detection of 34% in our series was confirmed by a quality controlled RQ-PCR assay 25 and standardized data analysis according to EuroMRD guideline, 26 thereby reflecting in the most precise frequency determination of CLC in FL. The results show that in 1/3 of patients with early-stage disease lymphoma cells have spread from the affected lymph node to PB or BM.
Presence of a clonal marker is obviously dependent on stage as a clonal marker was detected more frequently in patients with Ann Arbor stage II (58%) compared with stage I (21%) in our series. It seems safe to assume that detection of a molecular marker at diagnosis is a sensitive indicator for tumor burden, since in advanced stage III/IV FL the frequency of CLC detection increases up to 80% (t(14;18) and IGVH multiplex PCR) and is associated with a high tumor load. 27 In contrast to Ruella et al, 17 our data did not reveal initial MRD positivity as a negative prognostic marker. This might be explained by the fact that Rituximab was applied only 4 times in the Italian study instead of 8 times in the MIR study. However, Ruella et al also investigated only BM, while most of our analyses are based on blood samples. Also, 57% of MRD positive samples in the MIR study showed only a minor infiltration below the QR assuming a low systemic lymphoma burden. Compared with advanced FL, 28 level of CLC measured by RQ-PCR is low in stage I/II FL in the MIR study with 57% showing CLC level below the QR of 10 À4 reflecting a lower overall tumor burden.
Rituximab and IF radiotherapy were well tolerated. There were only 4 serious adverse events possibly related to the treatment, which is clearly a lower rate than for the more aggressive approaches combining chemotherapy and small field radiation. MacManus et al 16 reported 45 grade 3 or 4 toxicities were counted in 69 patients receiving CVP or R-CVP in addition to IF radiotherapy. There were 3 cases of secondary cancers (ie, non-small cell lung cancer, mesothelioma, and small cell lung cancer) in our cohort, 2 of these occurred within 12 months after initiation of the lymphoma therapy and were outside of the radiation fields. A correlation to the study treatment seems to be unlikely, since a large meta-analysis shows that the addition of Rituximab to standard treatment is not associated with an increased risk of secondary malignancies. 29 The low toxicity profile of the MIR schedule is also reflected by the quality of life data. The MIR treatment had no significant negative influence on quality of life similar to patients with advanced disease receiving only Rituximab. 30 Quality of life scores 1 year after radiotherapy only did not differ from the normal population in the PHAROS-registry using the same EORTC-C30 questionnaire as in the current study. By contrast, after immunochemotherapy patients reported significant higher fatigue scores 1 year after therapy compared with patients who received radiotherapy only or to the normal population. 31 In the current study, fatigue was not significantly influenced by immuno-radiotherapy with only slightly elevated fatigue scores at week 18.
In conclusion, IF radiotherapy in combination with Rituximab is well tolerated and shows low rates of recurrence in early-stage FL. Results are comparable with more aggressive therapeutic approaches but without compromising the quality of life and maintain also for an extended follow-up of more than 5 years.
Materials and methods
Study design and patient's entry criteria
Details of the study design are published elsewhere. 32 Shortly, the MIR study recruited patients with CD20 positive nodal FL grade 1/2 according to the WHO classification 2001, in localized stage I/II (Ann Arbor), younger than 76 years and with Eastern Cooperative Oncology Group performance status 0 to 2. Patients with bulky disease (>7 cm), prior radiotherapy, prior chemotherapy or immunotherapy, or a prior diagnosis of a malignant neoplasia were excluded. The primary endpoint was PFS at 24 months as defined by Cheson. 33 Secondary endpoints were CR rate after Rituximab monotherapy (week 7) and completion of treatment (week 18), relapse pattern, OS, toxicity, and quality of life. The study was approved by local ethical committees of the Medical Faculty of the University of Heidelberg (AFmu-085/ 2007), the federal Paul-Ehrlich Institute and the German agency for radiation protection and registered (ClinicalTrials.govID:
www.hemaspherejournal.com NCT00509184). All patients gave their written informed consent.
Since long-term follow-up is of interest for the community, the study centers were encouraged to further follow the patients after the last protocol defined visit at month 30 (extended evaluation period). However, frequency and extent (clinical and imaging) of follow-up examinations were at discretion of the local investigator and the data were not centrally monitored. These data were retrospectively collected for a post hoc analysis of PFS and OS at 5 years.
Treatment
Treatment consisted of 4 once per week administrations of Rituximab (MabThera, Roche Pharma, 375 mg/m 2 ). In week 7, patients received a restaging and radiation planning CT of the involved region. Four further weekly administrations of Rituximab were given in weeks 9 to 12. Radiation treatment of the involved lymph node regions (adapted from Yahalom and Mauch 34 ) was initiated in week 9 and applied in 2 Gy fractions (5 times/wk) up to a total dose of 30 Gy. In case of remaining lymphoma after initial Rituximab therapy in week 7, the residual region was boosted with 5 Â 2 Gy in week 12.
Follow-up
Protocol-defined follow-up visits were performed in week 18 and months 6, 12, 18, 24, and 30. These visits included the assessment of medical status, a physical examination, and analysis of blood cell counts and LDH. Three-dimensional imaging (CT/MRI) of neck, thorax, abdomen, and pelvis was mandatory for all time points except of week 18 (involved region only).
Further follow-up examination during the extended evaluation period was in the centers discretion as mentioned above.
Quality assurance
Histologic specimens were centrally reviewed by the GLSG pathology reference panel. Staging imaging series were centrally reviewed and extent of radiation was recommended accordingly. For data of the first 30 months, core data monitoring was performed in all patients and additionally 100% source data were verified in 20% of the patients.
Statistics
Primary endpoint. PFS estimation for the primary endpoint was based on the prior trial ARO 98-01 (extended field radiotherapy vs total lymphatic radiotherapy in early stages of nodal FL). An interim analysis of this trial showed a PFS of 75% at 2 years. 35 The MIR study aimed to improve this outcome. Kaplan-Meier estimates and 2-sided 90% CIs were calculated at 6, 12, 18, 24, and 30 months after start of treatment. The null hypothesis (PFS at 24 months 75%) is rejected if the lower boundary of the 2-sided 90% CI at month 24 is above 75% corresponding to a 1-sided test with a = 0.05. Secondary endpoints. Remission was evaluated according to Cheson 1999 . 33 Complete remission rate (CR/CRu) at week 7 and week 18 was evaluated only for patients with remaining lymphoma after the diagnostic biopsy procedure. In addition to the protocol-predefined endpoints, the rate of CR at month 6 has been calculated.
OS was calculated from the beginning of therapy until death or last follow-up (Kaplan-Meier method).
QLQ-C30 (EORTC, version 3.0) questionnaires were used for the assessment of the quality of life before treatment as well as in week 18 and month 30. Missing values were imputed using the LOCF (last observation carried forward) or BOCF (baseline observation carried forward) method.
Toxicity was evaluated according to CTCAE version 3.0 scoring system. Kaplan-Meier estimates were used for the post hoc evaluation of PFS and OS at 5 years during the extended evaluation period.
MRD analysis. MRD marker screening was performed prior to start of Rituximab in PB and BM. MRD was assessed at week 18 and months 12, 24, and 30.
DNA was extracted with the Qiagen Blood Mini Kit (Qiagen, Hilden, Germany). In PB or BM lymphoma cells were assessed by t (14;18) or IGH rearrangement multiplex PCR as published. 36 RQ-PCR assays with generic primers for the t(14;18) breakpoints and/ or allele-specific primers for the Ig rearrangements were performed on an ABI PRISM 7700 thermal cycler (Applied Biosystems, CA). MRD quantification was performed as previously described 25 and evaluated according to EuroMRD criteria. 26 Assays were designed to reach a sensitivity of 1 Â 10 À5 with Albumin as control gene to correct for DNA amount or PCR inhibitors. 37 MRD positivity of a sample was defined if any of the triplicates were positive by RQ-PCR analysis. Molecular complete remission was defined as absence of PCR-detectable neoplastic cells in PB and/or BM at any time point with a sensitivity of at least 10
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. MRD analyses in PB and/or BM were pooled, and higher MRD values were encountered for calculation.
